In a living organism, physiological and behavioral parameters are known to be controlled by endogenous oscillators and to show a daily rhythmicity with a period of about 24 h. The seat of the oscillator differs from species to species. In mammals, the suprachiasmatic nucleus is widely accepted as the seat of the oscillator, but the pineal organ and retina are also thought to act as oscillators in vertebrates [1] [2] [3] . Considerable evidence exists to indicate that melatonin from the pineal organ is an integral part of the circadian system in several vertebrate species; for example, melatonin secretion rhythms have been recorded both in vivo and in vitro in a number of species [4] [5] [6] [7] [8] [9] .
dependence of the melatonin secretion rhythm in the pineal organ as a way of identifying the characteristics of the oscillator(s) residing within this organ.
MATERIALS AND METHODS
Animals. Adult river lampreys, Lampetra japonica, were obtained from the Ishikari River in Hokkaido, Japan, from September to May. They were maintained in laboratory aquaria containing aerated and filtered water at a temperature of 6-9°C. The aquaria were illuminated by 20 W fluorescent lamps from 06 : 00 to 18 : 00 to create a cyclic photoregime (LD 12 : 12) . To condition lampreys to the LD cycle, they were kept in the aquaria for at least 1-2 weeks before use. Care of and experiments on all of the lampreys used in the present study were carried out according to the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences by the Council of the Physiological Society of Japan.
Organ culture and medium sampling. The conditions used for organ culture and medium sampling were the same as in our previous report [11] . Pineal organs (with small pieces of brain tissue) were excised from the heads of rapidly decapitated lampreys. One or a few pineal organs were placed on a small piece of filter paper at the bottom of a plastic culture chamber. The filter paper was immersed in 500 l of culture medium (modified M199 containing 100 units/ml of penicillin and 100 units/ml of streptomycin, and adjusted to pH 7.5). Culture medium was supplied at a flow rate of about 600 l/h by a peristaltic pump via a silicon tube, and it was collected every hour into tubes on a fraction collector at the same flow rate through the outlet port of the chamber. The chamber was kept in a light-tight incubator, the temperature of which was controlled at either 10 or 20°C. Pineal organs were cultured under a LD cycle or continuous light condition (LL). The light intensity of the light phase in the culture chamber was 400-600 lx.
Blood sampling. Blood samples under LD conditions were collected from lampreys that were kept at 7°C (LD 12 : 12) for more than 2 weeks before sampling. They were collected at 09 : 00, 13 : 00, and 17 : 00 in the daytime and at 19 : 00, 20 : 00, 21 : 00, 22 : 00, 23 : 00, 01 : 00, and 05 : 00 in the nighttime. Each time, 4 to 6 lampreys were used for collecting blood samples of about 2 ml, the maximal volume from one lamprey. In total, 60 lampreys were utilized for this experiment. Nighttime samples were collected under dim red light. The blood was centrifuged at 1,500ϫg at 4°C for 15 min, and the plasma was separated and stored at Ϫ20°C until melatonin assay.
Melatonin radioimmunoassay. The amount of melatonin in the culture medium or plasma was determined by radioimmunoassay after Uchida et al. [12] . The plasma melatonin was extracted using a Sep-Pak C18 Column (MILLIPORE Waters) using 3 ml of ethanol. A 1 : 6,000 dilution of sheep antimelatonin serum (Stockgrand Ltd., UK) was prepared using 0.1 M tricine buffer (0.1 M tricine with 0.9% NaCl and 0.1% gelatin, pH 7.5). In the assay tube, 200 l of sample or the standard was added. Then, 100 l of [ 3 H]melatonin (5,000 dpm; Amersham Int., TRK-798) and 100 l of anti-melatonin serum were mixed. After incubation for at least 18 h at 4°C, 500 l of dextran-coated charcoal (DCC; Sigma C5260) was added. The mixture was incubated for 15 min at 4°C, and centrifuged at 3,000 rpm for 15 min. The supernatant was decanted into a vial containing 3.6 ml scintillation fluid, and the radioactivity was counted. All the procedures were performed in duplicate. The inhibition curve for the melatonin in the culture medium was parallel to that of the melatonin standard. Recovery of the added melatonin was confirmed. Intra-and inter-assay coefficients of variation were 15.3 and 12.1%, respectively.
RESULTS

Temperature dependence of the melatonin rhythm
We first examined the effect of temperature on the melatonin rhythm in vitro. Two typical examples from eight experiments are shown in Fig. 1a and b. At 20°C, the usual melatonin secretion rhythm is obvious; secretion is low during the light period and high during the dark period. After three (Fig. 1a) or two ( Fig. 1b) LD cycles at 20°C, the temperature was lowered from 20 to 10°C. Thereafter, the melatonin level showed no elevation in the dark period, but stayed at the same level as in the light period. This occurred from the first dark period after the temperature decrease. After two or three LD cycles at low temperature, the temperature was increased from 10 to 20°C. The previous melatonin secretion rhythm immediately reappeared.
To establish the melatonin secretion profile at low temperature in vivo, the plasma melatonin level was measured in lampreys kept at 7°C. As shown in Fig. 2 , the level did not change significantly between daytime and nighttime at this temperature. These results indicate that, at low temperature, the melatonin secretion rhythm is suppressed in vivo as well as in vitro.
Effect of continuous light and phase shifts on the melatonin rhythm
The effect of continuous light on the melatonin secretion rhythm was investigated. Pineal organs were first cultured under the usual LD cycle, and then kept under LL conditions. The result is shown in Fig. 3 . During the first three LD cycles, the usual melatonin rhythm was obvious. After the lighting schedule was changed from LD to LL, a melatonin elevation was apparent only in the first subjective night. In the second subjective night, the elevation was small, and thereafter it became obscure. This result indicates that the melatonin rhythm was lost under LL conditions, and did not undergo long-term entrainment after three subjective LD cycles.
The effect of phase shifts in the LD cycle were also studied. The LD cycle was first phase-advanced by 6 h. After four LD cycles, the dark period was started 6 h earlier than previously. The result is shown in Fig.  4 . The first peak in melatonin secretion after the phase advance did not coincide with the shifted dark period; instead, it came just after it. Thereafter, the melatonin peaks gradually shifted to become coincident with the dark period.
The LD cycle was phase-delayed by 6 h (Fig. 5 ). In the first three LD cycles (before the shift), the melatonin peaks occurred in the latter half of the dark period, although the peak is relatively low. After these three LD cycles, the dark period was started 6 h later than previously. The first melatonin peak after the phase delay coincided with the shifted dark period. However, it came before the mid-point of the dark period. In the third and fourth cycles after the phase Melatonin Rhythm in Cultured Pineal Gland of Lamprey delay, the peaks were not sharp enough to enable us to judge the timing of the peak. However, in the second and fifth cycles, the peaks clearly came after the midpoint of the dark period.
The above results indicate that, after a 6-h phase shift, several LD cycles are necessary to fully re-synchronize the melatonin secretion rhythm to the new LD cycle. This implies that light resets the oscillator in the pineal organ that controls the melatonin secretion rhythm.
DISCUSSION
Melatonin secretion rhythms can be recorded both in vivo and in vitro in many species [4] [5] [6] [7] [8] [9] . In the case of the lamprey, Lampetra japonica, melatonin is secreted from the pineal organ in culture with apparent rhythmicity under both LD and DD conditions, as we reported previously [11] . This indicates that the pineal organ of the lamprey possesses an endogenous clock that controls melatonin production. We previously indicated that the pineal organ is essential for the locomotor activity rhythm of the lamprey under both LD and DD conditions [10] . Indeed, the locomotor activity rhythm disappeared after pinealectomy. From this, we postulated that the clock in the pineal organ regulates the locomotor activity rhythm through melatonin release. However, the present results seem to exclude this possibility. When the pineal organ was cultured at 20°C, an obvious melatonin rhythm was observed. However, when the temperature was lowered to 10°C, this rhythm disappeared immediately. On the basis of this finding, no melatonin rhythm would be expected in vivo in lampreys in a low-temperature environment since the lamprey is an ectothermal and its body temperature assumes the water temperature of around 7°C. Figure 2 confirms this expectation: lampreys kept at 7°C did not show any day-night variation in plasma melatonin. On the other hand, locomotor activity rhythms are clearly present at 7°C [10] . The evidence described above indicates that melatonin is not the critical factor maintaining the locomotor activity rhythms of the lamprey, although the pineal organ itself does seem to be essential to maintain them. The present results should not be taken to mean that the oscillator in the pineal organ stopped at 10°C. It is well-known that cyclic melatonin production in the pineal organ or retina is affected by temperature. Usually, the period of the melatonin secretion rhythm is temperature-compensated, whereas the amplitude of the secretion is temperature-dependent [13] [14] [15] [16] . The melatonin secretion rhythm disappeared at low temperature both in cultures and in serum, suggesting that the activity of an enzyme(s) in the melatonin synthetic pathway in the pineal organ might be temperature-dependent. In fact, previous reports indicate that, in the pineal organ, the activity of N-acetyltransferase, the key enzyme in melatonin synthesis, is temperature-dependent [17, 18] . On the other hand, the endogenous oscillator in the pineal organ must be working at 7°C because the locomotor activity rhythm of the lamprey persists at this temperature [10] . These findings indicate that factor(s) other than melatonin in the pineal organ are important in the coordination of the locomotor activity rhythm. There are two possibilities: the signals may be transmitted via humoral factors other than melatonin, or via neuronal activity such as impulse trains passing along the pineal nerve. At present, we cannot distinguish between these two possibilities.
The pineal organs cultured in this study were light sensitive. Under LL conditions, the melatonin secretion rhythm was gradually lost, as indicated in Fig. 3 . This indicates that the pineal organ in cultures perceived the environmental light. There are two possibilities as to how the light is perceived. One is as an input to the clock that resets its phase. Under LL conditions, the individual oscillators in the melatonin synthesizing cells would become desynchronized with respect to each other, and the melatonin secretion rhythms of the various cells in the organ would therefore become out of phase. As a result, the overall melatonin secretion rhythm from the organ would be lost under LL conditions. The other possibility is that the light may be perceived by a factor that itself directly suppresses melatonin synthesis. We postulate that, in our case, the former is more likely than the latter because a partial melatonin elevation was observed during the first one or two subjective nights under LL conditions. If light suppressed melatonin synthesis directly, the effect would be expected to appear more quickly than that.
Be that as it may, the melatonin rhythm clearly responded to light. When the LD cycle was phase-advanced or phase-delayed, the melatonin rhythm was also phase-advanced or phase-delayed (Figs. 4 and 5 ) even though it took several LD cycles to re-synchronize the melatonin rhythm with respect to the new LD cycle. This finding indicates that re-synchronization occurs through a resetting of the phase of the oscillator inside the pineal organ. In the pineal organ of lower vertebrates, especially of the lamprey, there are many photoreceptor cells with well-developed outer segments [19] [20] [21] [22] . These photoreceptors are the candidate photosensor for the clock in the pineal organ of the lamprey, and also for the site of melatonin synthesis. In the retina, photoreceptor cells have been proved to be the site of melatonin synthesis [23, 24] , and the clock that regulates the melatonin rhythm is believed to reside within the photoreceptor cells. In the case of the pineal organ, the cellular location of the clock has been studied in chick [25, 26] , lizard [27] and pike [28] . In lizard and pike, photoreceptor cells secret melatonin rhythmically, indicating that they are the site of melatonin production and possibly of the clock. It is also likely that, in the lamprey pineal organ, the clock resides within the photoreceptor cells and that the cells are used for photoreception to reset the clock. In any case, this work directly demonstrates that the photoreceptor function residing within the pineal organ of the lamprey is utilized to provide an endogenous clock.
In summary, the melatonin secretion rhythm in the lamprey is temperature-dependent. It disappeared at low temperatures such as 10 or 7°C both in vitro and in vivo, though the locomotor activity rhythm of the lamprey persisted at this temperature. The oscillator in the cultured pineal organ of the lamprey is light-sensitive. Under continuous light conditions, the melatonin secretion rhythm disappeared within a few days. When the LD cycle was shifted, the melatonin rhythm also shifted to follow the LD cycle, although it took several LD cycles before the melatonin rhythm was re-synchronized with respect to the new LD cycle.
The authors wish to thank Dr. R. Timms for language-edit-
